This work was carried out at the University of the Federal Armed Forces in Munich / Germany.
Swanson [6] gives an overview of the existing investigations and discusses the results under various aspects. He suggests the introduction of the origin of the boundary layer rather than the stagnation point which, in contrast to the nonrotating cylinder, is not necessarily identical. Swanson notes that with increasing velocity-ratio the front stagnation point moves against the rotational direction and, by definition as a point with zero velocity, can no longer be situated on the wall. In other words, it becomes a free stagnation point. The lift-force is a result of the pressure difference between the upstream moving side of the cylinder and the downstream moving side, which again is the result of the different relative velocities between wall and crossflow. Swanson explains that the lift-force no longer increases as much with rotational speed above a velocity-ratio = 3 by noting that above this ratio, any point on the cylinder wall has a higher relative velocity than the crossflow.
As indicated above, there are only a few investigations on heat transfer of rotating cylinders. Comparisons with horizontal cylinders, where free convection provides the crossflow are of great interest. Anderson and Saunders [7] allegedly were the first to investigate the heat transfer of a horizontal, rotating cylinder in free convection. They used titantetrachloride for flow-visualisation and noticed an increase in boundary layer thickness at the critical Reynolds number.
Furthermore, a shift of the flow separation in rotational direction up to the critical speed could be observed. From then onwards, the flow along the circumference of the cylinder was completely turbulent.
Impressive interferometric pictures can be found in the work of Etemad [8] , who also carried out experiments on heated, horizontally rotating cylinders. He observed a shift of the point of boundary layer separation from the wall in rotational direction, until it completely vanishes with increasing speed. From then on, the influence of rotation predominates over the buoyant forces and the heat transfer increases.
Dropkin and Carmi [9] extended their experiments on horizontal cylinders up to rotational Reynolds numbers of Re = 4.3 x 10 5 . They observed three ranges of heat transfer dependent on rotational speed. In the first range the heat transfer coefficient remained nearly constant, whereas in the second it was positively influenced both by free convection and rotation. In the third range, however, above Re = 15,000, the heat transfer was solely determined by rotation, that is by the turbulence within the boundary layer.
Kays and Bjorklund [10] also included forced convection in their experiments.
According to their results, forced convection had a critical influence on the heat transfer at low rotational speeds. From a velocity-ratio of 2, rotation began to dominate the heat transfer. This observation is of particular interest as, at this very ratio, the front and rear stagnation point coincide, according to potential theory, and start to separate from the cylinder wall. From then on a persistent boundary layer exists around the circumference of the cylinder without flow separation, where the heat transfer is only determined by rotation. This is exactly what
Etemad observed in his interferometric experiments.
The cooling of commutators of electric motors was investigated by Yildiz [11] .
He confirmed that the heat transfer is only determined by rotation at higher speeds; however, it could not be increased any more above a rotational Reynolds number of Re = 2.5 x 10 6 .
A theoretical study on the interaction of the Nusselt, Reynolds and Eckert numbers was carried out by Geropp [12] . His main focus was on high rotational speeds where the Eckert number, the ratio of the specific kinetic energy of a particle on the wall to the specific enthalpy difference between wall and surrounding fluid, and thus the frictional heat created by dissipation gains influence. As a result of his analysis it becomes obvious that the temperature gradient at the wall changes its sign at an Eckert number of about Ec 1. This confirms Yildiz´ observation that the heat transfer can not be increased above a certain point. Geropp´s theory even predicts an opposite heat flow above an Eckert number Ec = 1, a phenomenon which is reported in a separate paper [13] .
Peller et al. [14] identified three ranges of velocity-ratios where the heat transfer showed different characteristics. In the first range, 0 < < 0.5, a steep increase of the Nusselt-number takes place, which the authors explain by the transition from laminar to turbulent boundary layer. In the second range, 0.5 < < 2, the heat transfer is still independent of rotation, whilst at larger s the crossflow no longer has any influence. In other words, the rotating cylinder behaves like an isolated cylinder without crossflow.
Badr and Dennis [15] performed a theoretical investigation on the heat transfer of a rotating cylinder with low flow velocities. In order to explain the calculated decrease of heat transfer at high rotational speeds, they propose the theory that a layer of fluid particles in the vicinity of the wall rotates in conjunction with the cylinder and acts like insulation with high thermal resistance.
Oesterle [16] used different gases in his experiments to reach higher Reynolds numbers. His LDV-measurements in the boundary layer confirmed that no separation points at the wall could be observed any more, above a velocity ratio > 2.
Experimental apparatus

Basic configuration
Providing the three principal requirements of crossflow, rotation and heating was achieved with the apparatus shown in figure 1 . The crossflow is provided in a closed wind-tunnel in which a constant fluid temperature is maintained by a heat exchanger [17] . Although the wind-tunnel is gas-proof up to a pressure of 2 bar, the experiments were only carried out in air at ambient pressure. In this set-up gas-velocities of 70 m/s could be achieved.
Figure 1
The rotating cylinder consists of high-strength aluminium and is mounted at the top of a hollow shaft of an asynchronous motor, which was designed for highspeed aluminium milling, and allowed rotational speeds up to 30,000 rpm ( figure   1 ). This motor is attached to the bottom of the test-section, while the cylinder reaches vertically through the test-section.
The heat was supplied by a high performance heating cartridge which was mounted on a tube in the inner of the rotating cylinder. The tube was held by a flange at the bottom of the electric motor and led upwards through a hollow shaft.
Thus, the heat was transferred from the non-rotating cartridge to the rotating cylinder by radiation only and the system worked reliably, regardless of the speed.
However, the disadvantage was that the thermal inertia was relatively high and measurements could only be carried out after equilibrium had been reached.
A more detailed description of this set-up is given in a separate paper [13] .
Measurement instrumentation
Overview
In order to examine the influence of rotation on the flow conditions in the surroundings of the cylinder a knowledge of the characteristic flow parameters is of great importance. Gas velocities were therefore measured with a twodimensional Laser-Doppler-velocimeter (LDV) which is a highly complex optical measuring technique, but offers the advantage of accurate measurements without disturbing the sensitive flow. The driving force for heat transfer is temperature gradient. To determine the gradients, an optical measuring technique was developed, based on the deflection of a light beam in a temperature field according to Schmidt´s analysis [18] . Furthermore, the real-time observation of temperature fields in selected areas should allow insights into the actual processes around the cylinder. With a Michelson interferometer a third optical method was employed, with which the fluctuations of isothermals could be recorded on video.
Laser-Doppler-Velocimeter
A two-dimensional Laser-Doppler-Velocimeter (LDV) was employed to measure local gas velocities in the vicinity of the rotating cylinder. The principle of this measuring technique is based on the light-scattering of particles which are added to the flow, passing through an interference pattern created by two monochromatic light-beams. Just as the rattling noise of a stick on a fence is a measure for how fast someone walks, the velocity of the particle can be concluded This complex optical measuring technique offers the advantage of quick measurements at high local resolution without disturbing the flow, as would be the case if hot wire probes, for example, were used. Also, data can be taken almost without delay, which allows dynamic measurements. Furthermore, in using two wavelengths of the laser, as in this case, two velocity components can be measured simultaneously at one position. Apart from that, this measuring technique is independent of the pressure, temperature or density of the fluid. Figure 2 illustrates the main components of the LDV system.
Figure 2
A 4 W Argon-Ion-Laser served as the light source for the LDV system. The laser operated in multiline-mode, which meant that all argon lines were emitted. A prism split the laser-beam into the respective colours, whereas two mirrors isolated the two most intensive wavelengths at 514.5 nm (green) and 488 nm (blue) for each velocity component. Both the laser and the colour separator were placed on a table which was damped against vibrations of the wind-tunnel.
The two colours were coupled into a glass-fibre which was connected to the sending and receiving optics above the test section. Here, each colour was split up into a pair, so that four parallel light beams passed through the sending and receiving optics. A front lens focused the beams to one point where the interference pattern was created and the measurement was taken. In order to detect the direction of each velocity component, one beam of each colour additionally passed through a Bragg-cell in which the light-frequency was shifted by 40 MHz.
By intersecting with the second beam in the focal point, a moving interference pattern was created. Thus, a resting particle would exactly emit the shiftfrequency of 40 MHz, whereas a moving particle would emit a higher or lower frequency depending on its direction relative to the shift direction.
The four beams passed through a highly precise glass plate which was let into the top of the test-section. Since the electric motor was attached at the bottom, the less efficient back-scattering mode had to be chosen. Thus, the scattered light was received by the same optical instrument, in which two sensitive photo multipliers detected the pulses of the scattered light of each colour respectively and converted them into electric pulses. A signal processor performed a Fourier-analysis and finally sent the data to a personal computer.
The sending and receiving optics were mounted on a 4-axis-traversing unit which was placed above the test section. Four highly accurate stepping motors allowed the positioning of the reading point to any arbitrary position around the rotating cylinder within an accuracy of ± 5 µm.
The size of the induced scattering-particles is of critical importance for the determination of the gas velocity. Larger particles produce scattered light of higher intensity; however, they do not necessarily represent the flow path of the gas molecules, due to their inertia. The opposite applies to smaller particles. Here, an aerosol was used which provided both a homogenous size distribution and good scattering properties. The aerosol was injected on the return of the windtunnel to the fan. Thus, an optimum mixing with the gas flow was guaranteed.
Light-beam deflection
Temperature gradients are the driving force for heat transfer, however, they can hardly be measured in a direct way, let alone contact-free. For this purpose an optical measuring technique was developed, which allowed the determination of local temperature gradients at the wall of the rotating cylinder without disturbing the sensitive boundary layer. The principle is based on E. Schmidt´s analysis [18] describing the path of parallel light near heated walls. According to this theory, light is being deflected in a density field towards higher density. With neglect of pressure differences the deflection of a light beam can be correlated with temperature gradients. Figure 3 depicts the experimental set-up. together on a small plate, could be attached to the LDV-unit. Thus, the highly precise traversing unit could be used and the laser-beam could be positioned in polar-coordinates. However, this meant that the rotating axis of the traversing system, the optical axis and finally the rotating axis of the cylinder, all had to align. Eight degrees of freedom were available for this procedure. Unavoidable deviations were eliminated by a calibration procedure. Therefore, reference measurements were taken of an unheated cylinder before the actual experiments.
The data was stored in a file which was used as an off-set for the subsequent measurements.
It should be noted that with this measuring technique, the final deflection of the light-beam is the result of an integration along twice the length of the cylinder.
Deviations from two-dimensionality at both cylinder ends are therefore averaged.
This means that a three-dimensional volume has to be regarded as the "reading point", which is formed by the height of the cylinder and the projection of the entering and departing light-beam. For instance, at a temperature difference of T = 50 K the deflection at the departure of the beam was about 1 mm. Also, the diameter of the light-beam of about 0.3 mm has to be accounted for. With respect to the radial extension of the "measuring point", the following cases have to be considered for the interpretation of the experimental results. Therefore, the range near the cylinder wall has to be subdivided into sections where the light beam can possibly travel. Figure 4 illustrates the qualitative deflection read by the detector over a radial shift of the light-beam.
Figure 4
A: In the first section the complete light-beam hits the top of the cylinder.
Hereby, the position of the light-spot does not change before reaching the border of the cylinder.
B:
The first part of the light touches the cylinder wall and is reflected by the mirror. Due to the temperature profile in the boundary layer, the deflection is larger the closer the light-beam runs to the wall. Since the detector takes the centre of area of the light-spot, the deflection reaches a maximum once the light-beam fully hits the mirror.
C:
The complete light-beam is now in the boundary layer now and travels to its border. Since the temperature gradient decreases towards the border of the boundary layer, the deflection also decreases.
D:
In this section, the light-beam starts leaving the boundary layer. A faster decrease of the deflection takes place than in the previous section.
E:
The complete light-beam is out of the boundary layer. There is no deflection any more. At a cylinder radius of exactly 25 mm, the deflection of the light-beam starts (region B). The dip before can be explained by a reflection occurring at the top of the cylinder which has an annular, shiny surface there. The deflection peaks at a radius of 25.4 mm, then decreases (region C) and has a slight bend at 25.6 mm.
From here on, the light-beam starts leaving the boundary layer (region D) and is completely out of this zone at 25.9 mm (region E). From this data it can be concluded that the beam has a diameter of about 0.3 to 0.4 mm and that the boundary layer ends on this stagnation point at the bend at a radius of 25.6 mm.
Michelson-interferometer
To visualize heat transfer processes and the impact of rotation in the vicinity of the cylinder, an interferometer was installed. The principle of this measuring technique is based on the superposition of two monochromatic and coherent lightbeams which create a two-dimensional pattern of dark and light fringes. With the assumption that the gas obeys the laws of an ideal gas and that pressure differences change the density of the gas only marginally compared to temperature differences, interference fringes can be regarded as isothermals. The experimental set-up is shown in figure 6 .
Figure 6
Light from a helium-neon-laser passes through a beam-expander which forms a The original intention to use the interferometer as an instrument for the qualitative determination of isothermals was quickly rejected. This was because the produced pictures did not allow the identification of isothermals, due to the extreme sensitivity of the optical set-up. (By means of a hot-wire-probe, the temperature difference between two interference fringes was determined to be approximately 0.05 K.) In other words, the density of the recorded fringes was beyond the optical resolution of the system. It was unavoidable that the interferometer was exposed to vibrations stemming from the wind-tunnel and the electric motor, as there was no possibility of separating the mechanical and the optical systems. Experiments to try to eliminate the fluctuations of the interference pattern by using extremely short exposure times of only a few µs did not achieve the desired outcome. For all these reasons, the use of the interferometer was reduced to low gas velocities and small temperature differences, whereas the value of this measuring instrument mainly lay in the visualisation of the ongoing fluid-dynamic and thermal processes.
Experimental results
Fluid velocities
Outer field measurements
The purpose of the outer field measurements was to show the influence of rotation With the onset of rotation ( figure 9 ) the wake is asymmetrically deformed in the rotational direction, with one separation point moving downstream and the other moving upstream. The twin-vortex structure is increasingly destroyed as the respective streamline picture (figure 10) illustrates. At a velocity-ratio of = 2 (figure 11) the turbulent wake is already significantly shifted. A further shift, however, cannot be observed at higher rotational speeds at = 3 ( figure 13 ). This supports the already-mentioned observation by other authors that both separation points coincide at a velocity-ratio = 2 and that their position remains unchanged with increased speed. In the corresponding streamline pictures (figures 12 and 14) no vortices can be found any more, which indicates that there is no longer separation of the boundary layer at the cylinder wall. Thus, above = 2, a similar flow situation exists near the cylinder wall as in the case of a rotating cylinder without crossflow.
A significant change happens to the wake of the cylinder, however, when rotation is present. Figures 15 and 16 show the degree of turbulence in sections perpendicular to the main flow for non-rotating and rotating cases respectively. The complete wake is highly turbulent in the case of the non-rotating cylinder, and this is especially evident at the border to the main flow ( figure 15) . A reason for this may be the higher shear-forces in this particular flow area. Figure 16 demonstrates the effect of rotation on the extent of turbulence in the wake of the cylinder. The result is a significant reduction of turbulence, with the exception of the area in which the isolated vortex is located.
Figure 17
An increase of the flow velocity up to the critical range has no effect on the flow pattern, as figure 17 illustrates. Here, the Reynolds number is about twice as high as in the sub-critical case in figure 9 , with a velocity-ratio = 1 in both experiments. A comparison of both pictures does not indicate any obvious differences.
Furthermore, heat rejection has no significant influence on the flow characteristic in the surroundings of the cylinder as the following experiments demonstrate. Figure 18 depicts the non-rotating cylinder in sub-critical flow with the cylinder surface heated to 50 K above the fluid temperature (i.e. T = 50 K). Also shown in figure 19 is the heated case ( T = 50 K) for a velocity-ratio = 2. No significant differences can be seen between these two figures and the corresponding unheated cases (figures 7 and 11 respectively).
Boundary layer measurements
For the velocity measurements in the closest vicinity to the cylinder wall the traversing unit was moved in polar coordinates. The angular steps were 15°, and the radial movement was in the range from 0 to 4 mm with a step increment of 0.2 mm. Altogether, it was a measuring domain in which there were 480 reading points. The smaller fluid velocities in the boundary layer result in fewer scattering particles in this area, and thus a lower signal rate. For this reason only the tangential component of the velocity was measured with the more intense green light. This seems to be justified as Peller [19] proved that the deviation from the total velocity remains below 5 % with only the tangential component being measured in the boundary layer. In contrast to Oesterle [16] who could not observe differences between a heated and unheated wall in a sub-critical flow, these experiments clearly indicate a systematic influence of a heated wall on the velocity profiles in the boundary layer. Obviously, the relative velocity of the wall to the flow plays an important role in the effect of heat transfer on the behaviour of the laminar boundary layer.
In the case of a relative movement, as it is the case at the non-rotating cylinder at = 30° and 45° as well as at the rotating cylinder on the upstream side, the boundary layer appears to be thinner in the heated case. However, after the separation of the flow, a heated wall no longer has any impact at = 90°as figure   22 illustrates. This confirms the well-known fact that a hot wall has a destabilising effect on the boundary layer of gases [20] . Peller [19] also made the observation, under comparable conditions, that the velocity boundary layer was thinner at a heated wall and he explains this by a change of viscosity at the respective fluid temperature. 
Figure 23
It should be noted that LDV-measurements are very difficult to perform at these close proximities to a wall and these reported results should be viewed with some caution. However, the good agreement of data points (such as at = 90° in figure   22 and others) at distances as close as 0.2 mm from the wall, suggests that severe errors in other positions is unlikely.
Temperature gradients
As already mentioned, the beam of the laser which was used for the light- RADIAL COORDINATE in mm TANGENTIAL VELOCITY in m/s important to note that, in any case, a high deflection means a high temperature gradient in the investigated area. Apart from that, reference measurements without heating but with rotation and crossflow show no effect of local pressure gradients on the light-deflection. This means that, in the following, the width of the thermal boundary layer is responsible for the deflection of the light-beam in the first place, whereas it is nearly identical with the velocity boundary layer in gases.
Figure 24
As an illustrative example, the measurement displayed in figure 24 , the line of the light-deflection from the front stagnation point ( = 0°) to the rear stagnation point ( = 180°) at the non-rotating cylinder will be discussed. 
Figure 25
Only a few examples will be given here from the large number of experiments. 
Temperature fields
The interferometer served the purpose of the qualitative assessment of the thermal processes at the rotating cylinder. 
2.
Velocity-measurements near the cylinder wall indicated an influence of a heated wall on the boundary layer thickness. It appears that the boundary layer is thinner in the heated case, as reported by various authors. Also, fluid velocities are higher near a heated wall, as expansion takes place due to the higher temperature.
3.
A contact-free optical measurement technique was developed and verified to measure local temperature gradients in the boundary layer of a heated, rotating cylinder. An interpretation was given to verify the experimental results. Here, for instance, the local thermal boundary layer thickness could be determined and separation points could be identified.
4.
Temperature gradient measurements with the light-deflection technique in the vicinity of the cylinder also detected similar thermal patterns, as flow patterns could be detected by LDV-measurements, such as flow separation and changes in the boundary layer thickness. 
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